INTRODUCTION
In catalysis, metal-organic frameworks (MOFs) combine the benefits of heterogeneous catalysts, such as ease of recovery and product separation, with those of homogeneous catalysts, most critically steric and electronic tunability. [1] [2] [3] [4] Furthermore, metal ions comprising MOFs' secondary building units (SBUs) exhibit biomimetic features that are desirable but difficult to replicate in homogenous systems. These include high spin electronic configurations, determined by the weak ligand fields of traditional MOF ligands (e.g. carboxylates, azolates), site isolation, and multiple open coordination sites. When combined with post-synthetic metal exchange, which can be utilized to install non-native metal ions within a large variety of MOFs, 5 the unique properties of SBUs can be harnessed to explore fundamentally new coordination chemistry and catalysis. The versatility of SBU-based chemistry and the particular importance of site isolation conferred by MOFs was highlighted by us and others in the characterization of highly reactive species, such as the first example of a ferric hyponitrite in Fe-exchanged Zn4O(terephthalate)3 (MOF-5), 6 and the development of industrially relevant catalysts, such as the heterogenization of an ion-pair molecular catalyst for the selective carbonylation of epoxides, 7 and an ethylene dimerization catalyst that exhibits an unprecedented combination of activity and selectivity for 1butene. 8 Encouraged by these results, we sought to explore the potential utility of cation exchange and SBU chemistry in reactions that typically suffer from poor selectivity due to uncontrolled radical processes. A vast set of reactions fits this criterion, but few are as relevant industrially as hydrocarbon oxidations. Although practiced on a massive industrial scale, hydrocarbon oxidations typically require the intermediacy of high-valent metal-oxygen species whose reactivity is difficult to control. 9 Selectivity in these processes is further affected by both kinetics and thermodynamics: C-H bonds in oxidized (oxygenated) products are often more reactive than those of alkanes or olefins, which leads to undesired oxidation of the products and eventual formation of CO2, the thermodynamic sink. 10 This is most famously exemplified with the selective oxidation of methane to methanol, a natural process that is not practiced on industrial scale because there are no known catalysts that can selectively react with the C-H bonds in methane but not those in methanol with sufficient activity. 11 Other targets of industrial interest abound and include aromatic oxidations, benzylic oxidations, 12 and olefin epoxidations. 13 Indeed, oxygenates represent some of the most versatile commodity chemicals, 9, 14 justifying the continued interest in the discovery of new selective oxidation catalysts from both a fundamental perspective as well as an applied one. 15 Here, we show that Mn II ions supported within the unusually weak-field zinccarboxylate SBUs of MOF-5 ( Figure 1 ) engage in oxidative reactivity and serve as selective catalysts for the epoxidation of cyclopentene, through the likely intermediacy of a high-spin
Mn IV -oxo complex. based on nitrogen donor ligands. [16] [17] [18] [19] Mononuclear complexes with predominantly oxygen ligand fields are scarce, yet some manganese containing enzymes have carboxylate ligands. 20, 21 Thus, Mn in the MOF-5 ligand field should provide valuable information about the effects of such a ligand environment as well as potentially provide insight into the underpinnings of Mn-based enzymes.
Indeed, given that most known examples of isolated Mn IV -oxos are in an all-nitrogen ligand environment, we surmised that an even more reactive species could be generated in an all oxygen ligand environment since the carboxylates comprising the SBU of MOF-5 are weaker donors.
We also reasoned that the site isolated environment provided by the framework could enhance the lifetime of the high-valence intermediate by preventing dimerization or other deactivating reactions. 6 With our approach, we thus targeted a system that would exhibit increased reactivity by providing less electronic stability to the presumed Mn IV -oxo intermediate.
RESULTS AND DISCUSSION
Installation of Mn II within the SBU of MOF-5 followed a previously reported procedure 22 with slight modifications aimed at improving the crystallinity and surface area of the Mn II -exchanged MOF-5 (heretofore referred to as Mn II -MOF-5). In particular, because Mn II exchanges very rapidly into MOF-5, lowering the temperature of the exchange to -35 °C and reducing the concentration of Mn II in the exchanging solution to a molar ratio of Mn II :Zn4O(BDC)3 = 4:1 yielded high quality material with a powder X-ray diffraction (PXRD) pattern that matched that of original MOF-5 ( Figure S1 ). The Brunauer-Emmet-Teller (BET) apparent surface area of this material, measured by an N2 adsorption isotherm at 77 K, was 3100 m 2 /g ( Figure S2 ), a notable improvement over the previously reported value of 2400-2700 m 2 /g, 22 and in-line with that reported for original MOF-5. 23 Inductively-coupled plasma -mass spectrometry (ICP-MS) of Although N2O has a very low BDEN-O, we reasoned that its lack of redox activity towards Mn II -MOF-5 is kinetic, rather than thermodynamic, 27 and that other reagents with readily transferable O atoms may yet be able to oxidize Mn II -MOF-5. In this sense, one reagent that has been reported to yield isolable Mn IV -oxo complexes is iodosobenzene and its more soluble version tbutylsulfonyl-2-iodosylbenzene ( t BuSO2PhIO). 19, 28 This suggested that the majority of Mn II sites have been oxidized and transformed into an EPRsilent species, likely Mn III . Although we expected that t BuSO2PhIO would produce a Mn IV -oxo, it is not unusual for reactive metal oxo species to abstract hydrogen atoms from solvents, including Notably, the optimized Debye-Waller factor for the Mn … Zn contribution, σ 2 Zn = 0.015 Å 2 (Table   S1 ), is too high for having a pure vibrational origin. Indeed, the corresponding Debye-Waller factor obtained in fitting the Zn … Zn contribution in a spectrum of pure Zn-MOF-5, collected at 25 °C, was previously optimized to 0.009 Å 2 . 34 This discrepancy is a clear indication of structural local disorder in Mn II -MOF-5, with the consequent appearance of three slightly different Mn … Zn distances. These cannot be resolved in the EXAFS analysis and likely account for the amplitude decrease in the EXAFS second shell signal and the corresponding increase in the Debye-Waller parameter. Surprisingly, although a qualitative analysis of the Fourier Transform (FT) of the EXAFS spectrum of Mn III (OH)-MOF-5 shows a decrease in the apparent Mn-O coordination distance in the first shell relative to that observed in Mn II -MOF-5, the data also shows significantly damped intensity despite the expected increase in coordination number from 4 to 5 (Figure 5c,d) . We With experimental evidence that t BuSO2PhIO is able to generate, at least transiently, a highvalent, all-oxygen Mn IV -oxo moiety capable of further reactivity, we sought to find substrates where O atom transfer reactivity, rather than H-atom abstraction chemistry would be observed.
We found that the combination of Mn The Mn II high-MOF-5 and t BuSO2PhIO system serves as very selective epoxidation catalyst for other cyclic alkenes, such as cyclohexene and norbornene, which are oxidized to the corresponding epoxides with selectivities greater than 99%. However, the relative reactivity with each substrate correlates directly with the amount of ring strain (Table 1 ), and the system is not effective in the oxidation of non-cyclic olefins to epoxides or any other oxidized species, nor in the oxidation of other hydrocarbons such as cumene and cyclohexane. Thus, ring strain is a necessary driving force for epoxidations by this system, and hydroxylation is not a viable reaction pathway. The lack of reactivity towards hydroxylation is perhaps best explained by the fact that the rebound mechanism often invoked in C-H bond hydroxylation is not possible here due to the high stability of the Mn III -OH intermediate. Other metal ions may provide less stable hydroxyl species, and thus hydroxylation reactivity, a possibility that we are currently exploring.
Additionally, we note that epoxidation reactivity requires an unobstructed approach of the double bond to the Mn site. Indeed, we found that despite the considerable ring strain, 1methylcyclopentene displays no reactivity with our system. Finally, reactivity takes place primarily within the pores of the MOF, not just on the surface of crystals, as demonstrated by size exclusion experiments with larger cyclic olefins. Thus, cyclododecene, despite a relatively high ring strain value, 35 undergoes less than one turnover when subjected to reaction conditions.
We surmise that the low reactivity of this molecule is due to its size (7.2 Å at its widest point, not including solvation sphere), which does not allow it to easily penetrate the approximately 10 Å pores of MOF-5, an observation that is consistent with the use of this substrate in systems with similar pore sizes. 36 candidates for reactivity studies due to the amount of steric bulk that is necessary to keep such a moiety from dimerizing or forming μ-oxo/hydroxo bridges. 29, 38, 39 In turn, when known Mn III -OH species do not require steric protection, they tend to have limited or non-catalytic reactivity. 40, 41 As is the case with some of the existing examples, it is reasonable to assume that the formation of Mn III (OH)-MOF-5 proceeds through a Mn IV -oxo intermediate. 29 Although the Mn III/V couple is better known for selective epoxidation reactivity, 42, 43 it is not unprecedented for Mn II to generate epoxides in the presence of an oxidant, though not as selectively as we have shown in this work. 44 Importantly, Mn IV -oxo species generated from Mn II precursors can also produce various distributions of alcohols and downstream epoxide oxidation products by introducing small changes in experimental conditions (such as ligand scaffold or protonation of the oxo with HOTf). 45 field environment such as that afforded by the nodes of MOF-5.
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